This study reports laboratory-measured thermal-conductivity values of Mesozoic sandstones from eight wells (predominantly geothermal boreholes) of the Northeast German Basin (NEGB). The measurements were made on drill core using the optical scanning method. Bulk thermal conductivities of sandstones corrected for in situ thermal conditions range between 2.1 and 3.9 W/m/K. In general, the Mesozoic sandstones show a large effective porosity typically ranging between 16 % and 30 %. 
Introduction
The thermal conductivity of rocks is a major physical property for the study of the Earth's thermal field. It is a basic parameter required to determine heat flow (q), which, according to Fourier's law of heat conduction (1), is given by the product of temperature gradient (δT/δz) and the apparant thermal conductivity (λ) in a depth interval (z).
Knowledge of the surface heat-flow (q s ) value provides insight into the heat potential from depth and allows inferences for the deep geothermal situation of an area beyond depths encountered by boreholes.
Additionally, the thermal properties of sedimentary formations are first-order controls on the thermal structure of basins and can be used to determine geothermal targets on regional and local scale. In areas previously explored for geo-resources such as the Northeast German Basin (NEGB), numerous boreholes provide essential data sources for thermal field exploration. Borehole temperature measurements, either as single-point temperature recordings or as continuous temperature logs (Förster, 2001) , form basic data on the subsurface temperature conditions. In contrast, borehole core samples, on which thermal conductivity (λ) could be measured, are scarce and limited to the targets of specialized exploration. For example, previous studies in the NEGB on the λ parameter concentrated on the measurement of core from Permian and Permo-Carboniferous formations forming the basis for a study on surface heat flow (Norden et al., 2008) . For the Mesozoic and Cenozoic sections practically no data are available up to now.
Research conducted in the framework of the GeoEnergy Program (this issue) fills this gap by providing new λ data for the Mesozoic sections. These sections host important geothermal aquifers recently explored by core and modern well log analysis allowing the development of a combined use of these data. Thus a method is sought, which overcomes the limiting factor of point information on λ from core measurement alone and provides continuous λ-profiles for large depth sections using standard geophysical wireline logs.
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The expected results are important influential parameters for other GeoEnergy research (this issue), for example in the modeling of thermal maturation of organic matter implemented in time-temperature basin modeling for hydrocarbon research or in combining geological structure and thermal properties for a quantification of the subsurface thermal structure on which the future utilization of geothermal energy is based.
The approach being developed and applied to the NEGB data uses multivariate statistics to determine λ based on a statistical function employing data from gamma-ray, neutron, density, and temperature logs. Additionally, λ will be determined indirectly from the major mineral constituents (derived from XRD analyses) and their thermal-conductivity values using different approaches described in the international literature. Comparing the results of these different approaches will provide an important insight into the potential error made by indirectly determining λ in basin analysis.
In this paper, a first set of laboratory measurements of thermal conductivity is reported, which, later on, will be used to verify the statistical approach being part of ongoing research.
The paper also contains for a subset of measured laboratory data a comparison with λ values calculated from mineral constituents and rock porosity. In addition, the laboratory data for different depth intervals are related to the respective interval temperature gradient, calculated from high-resolution, continuous temperature logs, allowing the calculation of an average heat flow for a borehole location. In turn, the this heat-flow value and the interval temperature gradient then are used to indirectly determine λ for those formations for which there is no drill core control. Figure 1 shows the study area in Mecklenburg-Vorpommern, in which eight wells 1 are investigated: the Gt Ss 1/85 and Gt Ss 2/85 boreholes located near the city of Stralsund at the northern margin of the NEGB; the Dp N 1/82, Gt N 2/85, and Gt N 3/86 boreholes near the city of Neubrandenburg and the Gt S 2/87, Gt S 3/87 and Gt S 5/87) boreholes near the city of Schwerin in the western part of the NEGB.
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Geological background
The NEGB is a sub-basin of the Central European Basin system containing Cenozoic, Mesozoic, and Upper Paleozoic (Permian and Carboniferous) sediments that are up to 12 km thick (Hoth et al., 1993) . Since the 1960s, a large number of wells were drilled in the sedimentary succession of the NEGB as part of an exploration for oil and gas and geothermal energy. Analyses of drill cores, geophysical well logs, and hydraulic tests, performed in many of these wells formed the basis for a sound understanding of the geology and physical properties of the major reservoirs in this region. In recent years, the Mesozoic aquifers, predominantly made up of sandstones (Fig. 2) , were studied for their lithological, mineralogical, petrophysical, and hydrogeological signatures (Feldrappe et al., 2008; Wolfgramm et al., 2008) .
In this paper, the thermal conductivity of the Mesozoic sandstone aquifer section is investigated, comprising the Aalenian (Dogger-β) (youngest) and the Detfurth Formation (Middle Buntsandstein) (oldest) (cf. Fig. 2 ).
The occurrence of the Aalenian (Dogger-β, Altmark) sandstone is limited to the southwestern area of Mecklenburg-Vorpommern. Its thickness is variable (15 -92 m; . Greatest thickness of about 80 m is observed in a well in the Schwerin area; the sandstone thins out farther to the north and the northeast. The base of the sandstone formation rests at depths between 100 m near the margins and 2400 m in some rim synclines in the centre of the NEGB (Feldrappe et al., 2008) . The sandstone is medium to fine-grained, and typical porosities are in the range of 21 -28 % .
The poorly cemented sandstones of the Rhaetian-Lias aquifer complex occur in most parts of Mecklenburg-Vorpommern (except of the northern Rügen area) and show maximum thicknesses in the south, near to the centre of the NEGB. The thickness of the Lias is in the range of 270 -400 m. The base of the Lias rests between depths of 100 -2800 m (Feldrappe et al., 2008) . The Lias is subdivided into three formations: the Pliensbachian (fine-grained sandstones), Sinemurian (fine-grained sandstones) and Hettangian consisting of sandstones, siltstones, and claystones. The Hettangian shows thicknesses ranging from 6 -95 m (average 46 m) and porosities between 19 -36 % (average 26 %; Wolfgramm et al., 2008) . The
Rhaetian is between 50 and 250 m thick (Feldrappe et al., 2008) . It is subdivided into the Triletes, the Contorta, and the Postera consisting of mature sandstones and claystones. The Postera is made up predominantly of sandstone and has a thickness of 12 -40 m (average of 30 m), whereas the Contorta is pelitic and has thicknesses between 6 and 54 m (average of 12 m) . For both formations typical porosities are in the range of 20 -25 % (Feldrappe et al., 2008) . 
Methods
Typical techniques for the measurement of rock thermal conductivity include the divided-bar steady-state technique, the needle-probe transient method (Sass et al., 1971; Sass et al., 1984) , and the optical scanning method (Popov et al., 1999) . We employed the latter one because of its ease in use allowing a study of large suites of samples in a short time. The optical scanning method is based on scanning a primed and black colored sample surface with a focused and 7 continuously operated mobile heat source. The heat source and two infrared temperature sensors (measurement of initial and maximum sample temperature) move with a fixed distance between each other and with the same speed relative to the core sample. The temperature sensor behind the heat source continuously registers the value of the maximum temperature increase along the heating line and yields a continuous conductivity profile. With knowledge of the maximum temperature rise Θ, the heat source power Q, the distance x between heat source and temperature sensors and the measurement of a reference standard (Θ S ) with a known conductivity λ S , it is possible to determine the thermal conductivity λ of each sample along the scanning line. This relation is described by equation (1):
Thermal conductivity was measured on core samples both under dry and saturated conditions.
For each sample, an average value was computed from at least three scan cycles.
First, the rock samples were dried to constant weight at 60 °C in a vacuum oven. Later on, the dehydrated samples were saturated by submerging them in distilled water inside of a sealed vacuum exsiccator. Measurements were performed on both a sawed plane (λ ┴; perpendicular to the bedding and in the direction of the vertical heat flow) and on the core mantle (λ || ; along the core axis, perpendicular to the principal heat-flow direction). A total of 75 core samples were analyzed. The core diameters varied between 45 and 90 mm, the sample length from 50 mm to 350 mm. For most of the investigated Mesozoic sediments the bedding was (nearly) parallel to the disk plane.
The effective porosity (Φ) was determined after the Archimedes method by the mass change between dry (dehydrated at 60 °C) and saturated sample.
Bulk λ values, measured on saturated samples (λ satM ), were converted into the matrix thermal conductivity (λ matrix ) using the effective porosity Φ and the pore medium (λ pore = λ water of 0.6 W/m/K) according to the geometric mean model (2): (Horai, 1971; Schön, 1996 ; cf. Table 2 ).
High-precision temperature logs (LIAG, 2009) recorded in cm-intervals in borehole thermal equilibrium, were processed for temperature gradients. The temperature gradients were calculated as 1-m running averages and smoothed with an 11-point-mean filter. Table 1 The matrix thermal conductivity (Table 1 , column 6), calculated as an average of measurements under saturated and dry conditions, also is lowest for the Stuttgart Formation sandstones (kmS, Middle Keuper) (3.4 ± 0.8 W/m/K) and highest for the Postera (kOPS) sandstone (7.4 ± 0.5 W/m/K). The regionally different bulk thermal conductivity observed for the Contorta and the Postera sandstones also is reflected in matrix thermal conductivity.
Results
Laboratory-measured thermal conductivity
Similarly, the large variation in bulk thermal conductivity of the Middle Buntsandstein also is reflected in its matrix conductivity values, ranging from 4.2 ± 0.8 W/m/K (smH, Hardegsen, Gt Ss 1/85 borehole) to 5.5 ± 0.66 W/m/K (smH, Hardegsen, Gt Ss 2/85 borehole).
The average anisotropy ratio, as a ratio between measured maximum thermal conductivity and minimum conductivity, is small (0.83 -1.31; mean: 1.02 ± 0.08). No trend of higher values parallel to bedding (λ || ) compared to values perpendicular to bedding (λ ┴ ) is observed. The largest differences were observed in the Hardegsen (smH). and Stuttgart (kmS) Formations. Trends of increasing or decreasing discrepancy is related to mineralogy, however, this observation needs a further verification using a larger database.
Thermal conductivity calculated from mineral constituents
Interval heat flow
Temperature logs and measured λ values were used in the Gt Ss 1/85 borehole and Gt Ss 2/85 borehole (Stralsund area) to indirectly compute λ profiles (Fig. 3) using interval (index i) temperature gradients ( T ∇ ) and a conductive heat-flow value (q) according to equation (4).
This approach follows a concept originally employed by Blackwell and Steele (1989) to indirectly determine a λ value for shale imbedded in carbonates.
The temperature logs used in both wells are semi-linear showing only minor breaks correlated to changes in lithology (Fig. 3) . No fluid-flow signatures are observed in the log, so that heatconduction conditions are assumed. This is supported by the good correlation between temperature gradient changes and lithological heterogeneity reflected by the gamma-log.
Temperature conditions are not affected by heat refraction effects of nearby major salt structures.
The heat flow was computed in four Middle Buntsandstein sandstone intervals of homogeneous temperature gradients (Fig. 4) . Considering an overburden of the heat-flow interval in this study of about 1400 m and radiogenic heat-production values for this section as determined by Norden and Förster (2006) , a heat-flow component on the order of 1.8 mW/m² has to be added to the calculated heat flow for a surface heat flow sensu stricto. This value is within the error range of heatflow determination in this study. (Fig. 4) . Table 4 lists the formation λ values, calculated on the basis of a stratigraphic profile (Gt Ss 1/85 borehole), in conjunction with the formation temperature gradients. The lowest λ (1.5 W/m/K) is observed in the Toarcian (mostly claystones) and the highest (3.1 W/m/K) in the Hardegsen Formation (mostly sandstones), respectively. In general, however, the formation λ values are < 3.0 W/m/K, which for sandy/silty rocks is a reflection of a relatively high porosity.
Thermal-conductivity profiles
The impact of lithological heterogeneity on the formation thermal conductivity is reflected in the 1-σ standard deviation (Table 4) . A high variability is observed in the Upper Jurassic and the Lower Cretaceous. In these formations, claystones of low thermal conductivity alternate with carbonates and sandstones, both of higher thermal conductivity. Resulting from the variability of temperature gradients, the error of a calculated formation thermal conductivity is assumed to be between 0.1 and 1.1 W/m/K.
Discussion
The average measured thermal-conductivity values (2.1 -3.8 W/m/K, Table 1 Table 2 ). The strongest influence on λ matrix is the volume fraction of quartz (89 -96 %, except of the Stuttgart Formation of 48 %). In general, the aquifer sandstones contain only minor amounts of feldspars and clasts (<5.4 % and 2.2 -8.4 %, respectively; Wolfgramm et al., 2008) classifying these rocks as sublitharenites or subarkoses (Pettijohn et al., 1987 ). An increase of thermal conductivity with increasing quartz content also was described for example by Brigaud et al. (1990) for samples of the Tertiary sedimentary section in the Uinta basin or by Norden and Förster (2006) for the Permian Rotliegend sandstones in the NEGB.
The thermal conductivity measured in the laboratory has been corrected for in situ temperature after Sass (1992) show a small bandwidth of high temperature gradients and of low gamma response exhibiting low clay content. In the Rhaetian, the interbedding of sandstone, siltstone and claystone also 13 is well reflected in both the gamma and the gradient log. The Toarcian (claystones) shows the lowest formation thermal conductivity in the borehole section. In contrast, the Sinemurian and Hettangian sandstones, well distinguishable in the gamma log by its clay content, are not well resolved in the gradient log, The study performed in three areas of the NEGB reports for the first time laboratorymeasured, in situ thermal conductivity for sandstones of different Mesozoic aquifers. Using some well-log approach, thermal-conductivity values for the entire Mesozoic succession are generated for the Stralsund area in the basin. Together with the thermal-conductivity values for the Permo-Carboniferous formations , a nearly complete geological section with thermal properties is now available to verify the calculated surface heat flow. Further work is planned to enlarge the database for Mesozoic rocks on other locations and further for Cenozoic formations. A larger database of the laboratory thermal conductivity will also allow a validation of the indirectly determined values.
An envisioned systematic basin-wide approach of evaluating the variability of thermal conductivity for key formations would be the basis for a comprehensive evaluation of the geothermal potential of the basin. Up to now, temperature maps are available in the NEGB for the base of the Detfurth Formation (Middle Buntsandstein/Keuper), the Stuttgart (Schilfsandstein) Formation (Keuper), the Jurassic, the Middle Jurassic, and the Lower Cretaceous (from oldest to youngest) (Feldrappe et al., 2008 , and references therein). These formations comprise a depth range from about 400 − 2000 m (with max. temperatures of 120 °C) in the northeastern part of the basin to about 1600 − 3000 m (with max. temperatures of 150 °C) in the southwestern part, respectively. The mapped temperatures are approximated from an isotherm map at 1500 m by applying some average geothermal gradient for extrapolation of temperature to different depth. Also, "expert knowledge" was applied to qualitatively correct temperature in the vicinity of major salt structure for heat refraction effects. Thus these maps show a highly resolved temperature pattern, strongly resembling the geological structure, but the pattern itself is not grounded in such a detail on measured borehole data nor on the petrophysical properties of the rocks. Future in-depth studies are needed to elaborate the value of these maps and to advance exploration techniques to revise the mapping. The approach used in this study builds a cornerstone to achieve this goal. (LUNG, 1997) . Table 2 . Comparison of (A) thermal conductivity measured saturated (λ bulk) and respective matrix thermal conductivity (λ matrix) (uncorrected values) and (B) bulk thermal conductivity for saturated samples based on in-situ matrix thermal conductivity, calculated from mineral constituents and porosity. Pore fill is water. 
